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Serial MRAM Device 

This patent claims the benefit of U.S. Provisional Patent 
Application Serial No. 60/263,931, filed January 24, 2001, 
which is incorporated herein by reference. 

TECHNICAL FIELD 

The present invention relates generally to the 
fabrication of semiconductor devices, and more particularly to 
magnetic random access memory (MRAM) devices. 

BACKGROUND OF THE INVENTION 

Semiconductors are used for integrated circuits for 
electronic applications, including radios, televisions, cell 
phones, and personal computing devices, as examples. One type 
of semiconductor device is a semiconductor storage device, 
such as a dynamic random access memory (DRAM) and flash 
memory, which use a charge to store information. 

A more recent development in memory devices involves spin 
electronics, which combines semiconductor technology and 
magnetics. The spin of an electron, rather than the charge, 
is used to indicate the presence of a "1" or "0". One such 
spin electronic device is a magnetic random-access memory 
(MRAM) , which includes conductive lines positioned 
perpendicular to one another in different metal layers, the 
conductive lines sandwiching a magnetic stack. The place 
where the conductive lines intersect is called a cross-point. 
A current flowing through one of the conductive lines 
generates a magnetic field around the conductive line and 
orients the magnetic polarity into a certain direction along 
the wire or conductive line. A current flowing through the 
other conductive line induces the magnetic field and can 
partially turn the magnetic polarity, also. Digital 
information, represented as a "0" or " 1" , is storable in the 
alignment of magnetic moments. The resistance of the magnetic 
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component depends on the moment's alignment. Th.e stored state 
is read from the element by detecting the component's 
resistive state. A memory cell may be constructed by placing 
the conductive lines and cross-points in a matrix structure 
having rows and columns . 

An advantage of MRAMs compared to traditional 
semiconductor memory devices such as DRAMs is that MRAMs are 
non-volatile. For example, a personal computer (PC) utilizing 
MRAMs would not have a long "boot-up" time as with 
conventional PCs that utilize DRAMs. Also, an MRAM does not 
need to be powered up and has the capability of "remembering" 
the stored data . 

SUMMARY OF THE INVENTION 

Preferred embodiments of the present invention achieve 
technical advantages as an MRAM device having magnetic memory 
storage cells coupled together in series. 

In one embodiment, a resistive semiconductor device 
includes a plurality of magnetic memory storage cells disposed 
over a substrate. Each storage cell includes a first end and 
a second end, and the storage cells are coupled in series to 
one another so that a first end of one of the storage cells is 
coupled to a second end of an adjacent one of the storage 
cells . 

In another embodiment, an MRAM semiconductor device 
includes a first transistor having a gate, a first 
source/drain region and second source/drain region disposed on 
a substrate. A second transistor includes a gate, a first 
source/drain region and a second source/drain region, and the 
second transistor first source/drain region is .coupled to the 
first transistor second source/drain region. A first magnetic 
stack having a first end and a second end is coupled at its 
first end to the first transistor first source/drain region. 
The first magnetic stack second end is coupled to the first 
transistor second source/drain region. A second magnetic 
stack having a first end and a second end is coupled at its 
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first end to the second transistor first source/drain region. 
The second magnetic stack second end is coupled to the second 
transistor second source/drain region. 

In another embodiment, a method of manufacturing an MRAM 
semiconductor device includes forming a plurality of magnetic 
memory storage cells over a substrate. Each storage cell 
includes a first end and a second end. The storage cells are 
coupled together in series to one another so that a first end 
of one of the storage cells is coupled to a second end of an 
adjacent one of the storage cells. 

Advantages of embodiments of the invention include 
providing an MRAM device with a smaller cell layout area than 
in the prior art. Lower power is consumed by the use of 
optional depletion devices in a preferred embodiment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above features of the present invention will be more 
clearly understood from consideration of the following 
descriptions in connection with accompanying drawings in 
which: 

Figure 1 illustrates a schematic of a prior art MRAM 

cell ; 

Figure 2 shows a top view of a circuit layout of the 
prior art MRAM cell shown in Figure 1; 

Figure 3 shows a schematic of a preferred embodiment of 
the present invention; 

Figure 4 illustrates a cross-sectional view of a 
preferred embodiment of the present invention; 

Figure 5 shows a top view of the circuit layout of the 
embodiment shown in Figure 4 ; 

Figure 6 shows a top view with the metallization layers 
in view; 

Figure 7 shows a schematic of another preferred 
embodiment of the present invention; and 

Figures 8 and 9 show preferred embodiments of making 
connection to the free magnetic layer. 
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Corresponding numerals and symbols in the different 
figures refer to corresponding parts unless otherwise 
indicated. The figures are drawn to clearly illustrate the 
relevant aspects of the preferred embodiments and are not 
necessarily drawn to scale. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Prior art MRAM designs will be described, followed by a 
discussion of some preferred embodiments and some advantages 
of the present invention. 

A transistor MRAM cell design may reach cell sizes 
ranging between 6F 2 to 8F 2 (where F is the minimum feature 
size) . For example, Figure 1 illustrates a schematic of a 
prior art MRAM cell 10 design having a minimum feature size of 
6F 2 or greater. Device X comprises a transistor having a gate, 
source and drain. The transistor X gate is coupled to a 
wordline WL. The transistor X drain is coupled to ground. 
The transistor X source is coupled to contact via VX, and via 
VX is coupled to a conductive material MX. 

Conductive material MX is coupled to a magnetic stack MS 
that includes a tunnel junction TJ disposed between two stacks 
of magnetic materials. The other side of the magnetic stack 
MS is coupled to a bitline BL. A digitline DL runs 
perpendicular to the plane of the page, represented by the 
point at DL . 

A logic state is storable in the TJ which is detectable 
by determining the resistance, e.g., 10 kQ for a low logic 
state and 12 kQ for a high logic state, as examples. To read 
the stored logic state in the TJ, activating or switching on 
the wordline WL activates transistor X, making a connection 
from ground through device X over VX and MX through the TJ 
into the bitline BL. The resistive state of the TJ is 
determinable by measuring the current through the bitline BL. 

To write a logic state to the TJ of the magnetic memory 
cell MS, a current is run through the DL and BL which run 
perpendicular to one another. The superposition of the 
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electromagnetic fields produced by the DL and BL currents 
writes a logic state to the TJ by altering the resistive state 
of the TJ. 

Figure 2 shows a top view of a layout of the prior art 
magnetic memory cell circuit 10 shown in Figure 1. Active 
area AA on a lower level within a semiconductor wafer is 
connected to ground. Wordline WL is disposed over the active 
area AA and forms the gate of device X (not shown) . One 
source/drain region of device X is coupled to ground while the 
other is coupled to the tunnel junction TJ. The ground area 
may be seen between the two wordlines WL. 

On the right side of Figure 2, area VX represents the VX 
contact coupling the grounded active area AA to the metal 
contact area MX. MX couples VX to the tunnel junction TJ 
which is disposed near wordline WL. The TJ is coupled to the 
underlying MX. Although the bitline BL is not shown, it runs 
along the top of the active area AA in a horizontal direction. 

In the prior art MRAM cell 10 shown in Figures 1 and 2, 
the wordline WL width is F and the distance between the 
wordlines is F. The VX contact is F wide and F high. The MX 
is F x 2F and the TJ element is F x F. The BL pitch is 2F and 
the WL pitch is 3F. Therefore, the minimum feature size 
attainable with this design approach is 6F 2 . 

Semiconductor devices such as MRAMs devices are 
continually being scaled down in size to meet the 
miniaturization demands of electronic devices . What is needed 
in the art is an MRAM semiconductor device having a smaller 
minimum feature size. 

Embodiments of the present invention achieve a smaller 
feature size by coupling a plurality of magnetic storage cells 
together in series. A continuous active area is used, rather 
than having a separate active area for each magnetic memory 
cell. Contact vias are shared amongst the serial magnetic 
storage cells. 

A schematic of a preferred embodiment 100 of the present 
invention is shown in Figure 3. A plurality, e.g. two or 
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more, magnetic stacks MSO, MSI, MS2 and MS3 are coupled 
together in series. Devices X0, XI, X2 and X3 are coupled in 
parallel to each magnetic stack MSO, MSI, MS2 and MS3, 
respectively, as shown. Devices X0, XI, X2 and X3 preferably 
comprise enhancement transistors and may alternatively 
comprise depletion devices, as will be described further 
herein. 

Each device X0, XI, X2 and X3 is coupled at its gate to a 
wordline, in particular, to wordlines WLO, WL1, WL2 , and WL3 , 
respectively. The drain and source of adjacent devices are 
coupled together. For example, the drain of device X0 is 
coupled to the source of device XI. The drain of device X3 is 
coupled to ground. 

Each of the magnetic stacks MSO, MSI, MS2 and MS 3 
comprise a tunnel junction TJO, TJ1, TJ2 and TJ3 , 
respectively, the tunnel junctions TJO, TJ1, TJ2 and TJ3 being 
adapted to store a logic state. The magnetic stacks MSO, MSI, 
MS 2 and MS3 are accessible by running a current through the 
bitline BL to a sense amplifier, not shown. 

An optional select switch SI may be coupled from node A 
to the bitline BL. Select switch SI allows the magnetic 
stacks MSO, MSI, MS2 and MS3 to be addressed as a group. Vias 
VU1, VU2 , VU3 , VL1 and VL2 represent vias coupling devices X0 , 
XI, X2 and X3 to magnetic stacks MSO, MSI, MS2 and MS3, to be 
described further herein. 

Alternatively, optional select switch SI may be coupled 
from ground to the source/drain of device X3 , as shown in 
phantom in Figure 3. In this embodiment, because one side of 
switch SI is directly connected to ground, there is no 
backbias effect, which is advantageous. 

Figure 3 shows four tunnel junctions TJO, TJ1 , TJ2 and 
TJ3 coupled together in series, with each tunnel junction TJO, 
TJ1, TJ2 and TJ3 being coupled in parallel to a device X0, XI, 
X2 and X3, respectively. However, in accordance with 
preferred embodiments of the invention, two or more TJ' s and 
devices X may be utilized, e.g., 2, 4, 6, 8, or more as 
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examples. Although preferably an even number of magnetic 
memory cells MSO, MSI, MS 2 and MS3 are coupled in series, 
alternatively, an odd number of memory cells may be used. 

Reading the contents of a particular magnetic stack, 
e.g., cell MS 2 (the logic state stored at TJ2) of circuit 100 
will next be described. Devices X0, XI and X3 are switched 
on. This results in current running from the right side, from 
ground, through device X3 . Because device X2 is switched off, 
current passes through memory cell MS2 . Because devices XI 
and X0 are switched on, current passes through XI and X0, into 
the bitline BL. Note that to achieve this current path, 
optional switch SI is closed. By measuring this current 
flowing through TJ2 , the resistive or logic state of the 
memory cell MS2 can be determined. 

By switching off one device and switching on the other 
three devices, current may be passed through each cell MSO, 
MSI, MS 2 and MS3 , as required, to the bitline, to determine 
the logic state of the desired magnetic memory cells. A 
current is passed through the desired cell MSO, MSI, MS2 , and 
MS 3 in order to read the logic state. 

Note that the group or chain of cells TJO, TJ1, TJ2 and 
TJ3 may be coupled directly to the bitline BL at node A. 
Rather than coupling each cell to the bitline directly, the 
entire chain is coupled to the bitline BL at node A. 

Figure 4 shows a cross -sectional view of the preferred 
embodiment 100 shown in the schematic of Figure 3. A 
semiconductor wafer having a substrate 102 is provided. The 
substrate 102 may comprise a p substrate, for example. An 
active area AA is formed within the substrate. Preferably, 
the active area is continuous, and comprises a plurality of 
adjacent n+ regions 108, 110, 112, 114, 116, 118. The last n+ 
region 118 is coupled to ground, as shown. 

Wordline WL may be part of a first conducting layer, 
digitline DL (not shown) may be part of a second conducting 
layer, and bitline BL may be part of a third conducting layer, 
as examples. The conducting layers may comprise a polysilicon 
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conductor (PC), for example. Via VI couples bitline BL to n+ 
region 108. 

The n+ region 108 comprises the source of switch SI. The 
n+ region 110 comprises the drain of device SI as well as the 
source of device X0 . Similarly, the n+ regions 112, 114, 116, 
and 118 comprise the drain and sources of devices X0, XI, 'X2 
and X3 . The drain and source regions of the various devices 
X0, XI, X2 and X3 are shared within the n+ regions. 
Advantageously, the active area AA is a continuous area. 

Upper vias VU and lower vias VL couple the magnetic 
stacks to the active areas. For example, upper via VU1 
couples one side of magnetic stack MS0 to n+ diffusion area 
110, and lower via VL1 couples the other side of magnetic 
stack MS0 to n+ diffusion area 112. The other magnetic stacks 
MSI, MS 2 and MS3 are coupled to underlying diffusion areas 
similarly by VL1, VU2 , VL2 and VU3 . Metal plates 
120/122/124/126/128 may be disposed over the top of the vias- 
VU1, VL.1, VU2, VL2, VU3 , respectively, to facilitate the 
electrical connection of the vias VU1, VL1, VU2 , VL2 and VU3 
to the magnetic stacks MS0, MSI, MS 2 and MS3, as an example. 

The two diffusion areas 110 and 112 form the source and 
drain of device X0 . The gate of device X0 comprises the 
wordline WL, and the digitline DL comprises Ml. Similarly, "the 
other diffusion areas 112 and 114, 114 and 116, and 116 and 
118 form the source/drain regions of devices XI, X2 and X3, 
respectively. Diffusion area 118 is coupled to ground. 

The preferred embodiment shown in Figures 3 and 4 
comprises shared diffusion regions 110/112/114 and 116. 
Furthermore, several contact vias are also shared, e.g., lower 
via VL1 is shared by cells MS0 and MSI, and upper via VU2 is 
shared by MSI and MS2 , as examples. In the prior art MRAM 
cell shown in Figures 1 and 2, only ground diffusion regions 
for multiple MRAM cells are shared, and one contact via VX 
exists for each device 10. 

One novel feature of preferred embodiments of the present 
invention is that the tunnel junction or magnetic memory cells 
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are not directly connected to a bitline, wordline or 
digitline. Rather, as can be seen in Figure 4, the bitline BL 
is not in direct electrical contact to magnetic stacks MSO, 
MSI, MS2 or MS 3 or wordlines WL. In contrast, in the prior 
art MRAM cell shown in Figure 1, the bitline BL is directly 
coupled to the magnetic stack MS or tunnel junction TJ. 

Coupling the magnetic stacks MSO, MSI, MS 2 and MS 3 in 
series is another novel feature of preferred embodiments of 
the present invention. The series configuration of the 
illustrated embodiments herein results in bi-directional 
current through the magnetic stacks MSO, MSI, MS 2 and MS3 , 
e.g., in particular, through the tunnel junctions TJO, TJ1, 
TJ2 and TJ3 . For example, current flows from top to bottom for 
MS3/TJ3, and current flows from bottom to top for MS2/TJ2. 
Depending on the location of the magnetic stack/tunnel 
junction within the structure 100, the current may flow in 
either direction. 

More particularly, in accordance with embodiments of the 
present invention, the current runs in the same direction 
through magnetic stacks MSO, MS2 , etc. and the current runs in 
the same, opposite direction for magnetic stacks MSI, MS3, 
etc. In prior art MRAM designs, current runs in the same 
direction, e.g., uni-direct ionally, through the magnetic 
stack/ tunnel junctions . 

Figure 5 shows a top view of the device 100 shown in 
Figure 4, having a minimum feature size of 4F 2 (2F BL pitch x 
2F WL pitch) . This is advantageous in that embodiments of the 
present invention achieve a smaller cell area than prior art 
MRAM designs. 

Figure 6 shows another top view of an embodiment of the 
present invention, with the metallization lines Ml and M2 
comprising bitlines and wordlines in view. M2 may comprise 
the bitlines and program lines, and Ml may comprise the 
wordline stitch and enable lines, for example. Rectangle. 130 
illustrates the unit cell comprising a feature size of: 
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(1/2F + F + 1/2F) X (1/2F + F + 1/2F) = 4F 2 

Figure 7 shows another preferred embodiment 2 00 of the 
present invention, in which the devices XO, XI , X2 and X3 
comprise depletion devices. The use of depletion devices XO, 
XI , X2 and X3 is advantageous in that a power savings in 
achieved- A depletion device XO, XI, X2 and X3 is always 
switched on, or conducting, without voltage applied to the 
gate of the depletion device. In the embodiment 100 shown in 
Figure 3, a voltage of, for example, 1.8 volts may be applied 
to devices X0, XI, X2 and X3 for magnetic storage cells not 
desired to be read, and the magnetic storage cell to be read 
would have zero volts applied to the device gate. However, in 
the embodiment shown in Figure 7, because the chain of 
depletion devices X0, XI, X2 and X3 always remains on, the 
desired memory cell can be selected by switching off one 
depletion device by applying, for example, -1.8 V at the gate 
of the desired depletion device X0, XI, X2 and X3 , resulting 
in a power savings . 

Figures 8 and 9 show cross-sectional views of alternative 
methods of making contact to the free magnetic layer. A 
portion of via VU2 may be coupled directly to metal stacks MSI 
and MS2 , as shown. In Figure 4, metal plate 124 has a 
particular height, which is disadvantageous, because distance 
is added from the BL to the free layer. By removing metal 
plate 124 as shown in Figures 8 and 9, the distance is reduced 
from the BL to the free layer, which is advantageous. 

Embodiments of the present invention achieve technical 
advantages as an MRAM device 100/200 having magnetic storage 
cells MS0, MSI, MS2 , MS 3 coupled together in series. A series 
group of MRAM storage cells MS0, MSI, MS2, MS3 is addressable 
as a group at node A by optional select switch SI. There is 
no direct connection of the magnetic storage cells MSO, MSI, 
MS2, MS3 to a bitline, wordline and/or digitline, in a 
preferred embodiment. Enhancement or depletion devices X0, 
XI, X2 and X3 may be used, resulting in a power savings. A 
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smaller cell area for MRAM cell 100/200, in particular, of a 
4F 2 size, may be achieved by sharing contact vias VU and VL, by 
sharing a continuous active area AA among several magnetic 
storage cells MS0, MSI, MS2 and MS 3 , and by coupling the 
magnetic stacks MS0, MSI, MS2 and MS 3 and tunnel junctions 
TJO, T\J1, TJ2 and TJ3 in series. 

Embodiments of the invention are described with reference 
to a particular application for an MRAM cell herein; however, 
embodiments of the invention also have application in other 
resistive semiconductor devices. 

While the invention has been described with reference to 
illustrative embodiments, this description is not intended to 
be construed in a limiting sense. Various modifications in 
combinations of the illustrative embodiments, as well as other 
embodiments of the invention, will be apparent to persons 
skilled in the art upon reference to the description. In 
addition, the order of process steps may be rearranged by one 
of ordinary skill in the art, yet still be within the scope of 
the present invention. It is therefore intended that the 
appended claims encompass any such modifications or 
embodiments. Moreover, the scope of the present application 
is not intended to be limited to the particular embodiments of 
the process, machine, manufacture, composition of matter, 
means, methods and steps described in the specification. 
Accordingly, the appended claims are intended to include 
within their scope such processes, machines, manufacture, 
compositions of matter, means, methods, or steps. 



11 



WO 02/059973 



PCT/US02/01919 



What is claimed is: 

1. A resistive semiconductor device, comprising: 
a semiconductor substrate; and 

a plurality of magnetic memory storage cells disposed 
over the substrate, each storage cell including a first end 
and a second end, the storage cells being coupled in series to 
one another so that a first end of one of the storage cells is 
coupled to a second end of an adjacent one of the storage 
cells. 



2. The resistive semiconductor device according to Claim 1, 
wherein the cells are magnetic random-access memory (MRAM) 
cells. 

3. The resistive semiconductor device according to Claim 2, 
wherein the magnetic memory storage cells comprise magnetic 
stacks, the magnetic stacks including a tunnel junction, 
wherein a logic state is storable in each magnetic stack. 

4. The resistive semiconductor device according to Claim 3, 
further comprising a plurality of transistors, a respective 
one of the transistors being coupled in parallel to each 
memory storage cell, the transistors coupled in series to one 
another, the transistors being adapted to control the memory 
storage cells. 

5. The resistive semiconductor device according to Claim 4 
wherein data stored in each memory storage cell is accessed by 
turning on at least one of the transistors. 

6. The resistive semiconductor device according to Claim 5, 
wherein at least one of the transistors comprises a depletion 
device . 



7. The resistive semiconductor device according to Claim 5, 
further comprising a plurality of wordlines, bitlines and 
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digitlines proximate the memory storage cells, wherein the 
magnetic stacks are not coupled directly to the wordlines, 
bitlines and digitlines. 

8. The resistive semiconductor device according to Claim 7, 
wherein current may be passed bidirectionally through the 
tunnel junctions. 

9. The resistive semiconductor device according to Claim 8, 
further comprising a plurality of vias coupling at least one 
side of each magnetic stack to an active area. 

10. ^ The resistive semiconductor device according to Claim 9, 
wherein the active area is continuous and enables each of the 
plurality of transistors. 

11. A magnetic random-access memory (MRAM) semiconductor 
device , comprising : 

a semiconductor substrate; 

a first transistor having a gate, a first source/drain 
region and second source/drain region disposed on the 
substrate; 

a second transistor having a gate, a first source/drain 
region and a second source/drain region, the second transistor 
first source/drain region being coupled to the first 
transistor second source/drain region; 

a first magnetic stack having a first end and a second 
end, the first magnetic stack first end being coupled to the 
first transistor first source/drain region, the first magnetic 
stack second end being coupled to the first transistor second 
source/drain region; and 

a second magnetic stack having a first end and a second 
end, the second magnetic stack first end being coupled to the 
second transistor first source/drain region, the second 
magnetic stack second end being coupled to the second 
transistor second source/drain region. 
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12. The MRAM semiconductor device according to Claim 11, 
further comprising: 

a first wordline coupled to the first transistor gate; 
a second wordline coupled to the second transistor gate; 

and 

a bitline coupled to the first transistor first 
source/drain region. 

13. The MRAM semiconductor device according to Claim 12, 
further comprising : 

a third transistor having a gate, a first source/drain 
region and a second source/drain region, the third transistor 
source/drain region being coupled to the second transistor 
second source/drain region, the third transistor gate being 
coupled to a third wordline; 

a fourth transistor having a gate, a first source/drain 
region and a second source/drain region, the fourth transistor 
source/drain region being coupled to the third transistor 
second source/drain region, the fourth transistor gate being 
coupled to a fourth wordline ; 

a third magnetic stack having a first end and a second 
end, the third magnetic stack first end being coupled to the 
third transistor first source/drain region, the third magnetic 
stack second end being coupled to the third transistor second 
source/drain region; 

a fourth magnetic stack having a first end and a second 
end, the fourth magnetic stack first end being coupled to the 
fourth transistor first source/drain region, the fourth 
magnetic stack second end being coupled to the fourth 
transistor second source/drain region; and 

a ground node coupled to the fourth transistor second 
source/drain region. 
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14. The MRAM semiconductor device according to Claim 13, 
further comprising a select switch coupled between the bitline 
and the first transistor first source/drain region. 

15. The MRAM semiconductor device according to Claim 13, 
further comprising a select switch coupled between the ground 
node and the fourth transistor second source/drain region. 

16. The MRAM semiconductor device according to Claim 13, 
wherein the first, second, third and fourth transistors 
comprise depletion devices. 

17. The MRAM semiconductor device according to Claim 16, 
wherein each magnetic stack includes a tunnel junction, 
wherein the tunnel junctions are not directly coupled to the 
bitline or wordlines. 

18. A method of manufacturing a magnetic random-access memory 
(MRAM) semiconductor device, comprising: 

providing a semiconductor substrate; and 

forming a plurality of magnetic memory storage cells over 
the substrate, each storage cell including a first end and a 
second end, wherein the storage cells are coupled together in 
series to one another so that a first end of one of the 
storage cells is coupled to a second end of an adjacent one of 
the storage cells. 

19. The method according to Claim 18, further comprising 
coupling a transistor in parallel to each magnetic memory 
storage cell, the transistors being coupled in series to one 
another . 

20. The method according to Claim 19, wherein coupling a 
transistor to each magnetic memory storage cell comprises 
coupling a depletion device to each magnetic memory storage 
cell . 



15 



WO 02/059973 



PCT/US02/01919 



21. The method according to Claim 18, further comprising 
disposing wordlines, bitlines and digitlines proximate the 
magnetic memory storage cells, wherein the wordlines, bitlines 
and digitlines are not directly coupled to the magnetic memory 
storage cells. 

22. The method according to Claim 18, further comprising 
coupling each magnetic memory storage cell to a single active 
area . 
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